The thermal characteristics of 1 1 flat-plate photovoltaic (PV) modules are investigated and modeled against meteorological elements: irradiance, angle of incidence, wind speed, plus air and sky temperatures. Above 500 W/m2 irradiance, the ratio of the average difference between module and air temperatures divided by the incident irradiance is constant, and apparently preordained by module construction-ranging 27"40"C/(kW/m2) in value-suggesting that these thermal characteristics are driven by the incident solar power. When low-irradiance conditions arise under clear-sky conditions, this ratio becomes small and can exhibit negative values. In this regime, the module's greater reflectance-resulting from larger angles of incidence to the sun-coupled with radiant heat emission dominate the thermal behavior. A new model for the thermal characteristics is presented that accounts for low-and high-irradiance regimes and resolves wind-speed dependence.
INTRODUCTION
Operating module temperature (TM) is a critical parameter that enters into all PV module energy-ratings methods, such as those developed at NREL and Sandia National Laboratories [I ,2] . Therefore, predicting module thermal behavior from prevailing meteorological conditions becomes an essential task in devising energy production capacities. The simpler thermal models [3] rely on measurements of irradiance, air temperature, and wind speed to predict module temperature using closed-form expressions. They generally neglect either or both radiant thermal emission from the module and angle-of-incidence (AOI) effects; A01 is that between the normal vector to the module surface and the direction to the sun. The simpler models cannot account for many of the thermal features observed under the extensive meteorological conditions obtained at many given sites. More accurate methods of predicting TM are available using fairly complex models [4, 51 that account for radiant thermal transfer between the module and its surroundings. Unfortunately, these methods require multistep iteration of the model to derive TM and the radiant heat transfer, and require many other parameters as input. A simpler model that accurately describes module thermal characteristics and that can be expressed in closed-form equations is proposed.
Module thermal characteristics may be quantified by the ratio of the difference AT, between TM and ambient air temperature (TA), divided by the incident solar irradiance (1rr)-ATh Theoretical treatment [6, 71 on the problem of flat-plate solar collectors deployed at fixed tilt indicates that TM is constrained by steady-state energy balance, and can be reformulated in terms of AT/lrr by Eq. 1:
where a is the module absorptivity, hcc is an average conductive and convective thermal transfer coefficient, TS and TG are, respectively, the effective temperatures of the sky and ground, E and EG are, respectively, the emissivities of the module and the ground, and I S is the StefanBoltzmann constant. The terms inside the square brackets in Eq. 1 are described in sequence from left to right: 1) the absorptivity represents the fraction of the solar irradiance that gets converted into heat and is given by the product of one minus the reflectance (R) times one minus the PV module efficiency (U) for modules that are loaded at peak power, a=(l-R)*(l-q); 2) the radiant thermal loss from module to the sky divided by the solar irradiance: and 3) the radiant thermal transfer between the module and ground, divided by the solar irradiance. It is argued that this latter term is small in most instances. And to a first approximation, radiant transfer between module and ground may be neglected, since for flat-plate modules deployed at fixed tilt angles of 50" or less, module temperatures are generally within a few degrees of ground temperatures, and module and ground emissivities are similar. Furthermore, the mixed conductive-convective thermal transfer coefficient hcc may be expressed as a constant term plus a term linear in the wind speed [6] .
Making these assumptions and substituting for a and hcc in Eq. 1 produces a simplified form given by Eq. 2:
where the coefficients CI and CP represent separate conductive and convective thermal transfer terms, respectively, within the mixed conductive-convective transfer coefficient hcc, VS is the wind speed, R is the module reflectance, and q is the module efficiency. The irradiance (Irr) referred to in Eqs. I and 2 is the plane-ofarray (POA) global solar irradiance, which consists of both direct and diffuse components. TM is then obtained by adding the product of the measured irradiance times the AT/lrr modeled from Eq. 2 to the measured value for TA. PERT modules are erected on an open-air steel frame structure facing due south (k2"), and tilted at 40"*1" from the horizontal plane. The POA tilt angle corresponds closely to the latitude for the OTF (39.74' N). All modules are equipped with at least one, sometimes more, type " T thermocouples (TC) bonded to their backsides, slightly offcenter from the middle, and -1 meter in height above rooftop. A three-cup wind anemometer is mounted on the steel frame about 2 meters above rooftop, directly over the modules. POA irradiance was measured with Kipp & Zonen pyranometers mounted on the same frame and POA angle. All modules are connected to commercially available data acquisition systems (DAS) that measure their current-voltage (I-v) traces, module temperatures, POA irradiance, wind speed, and air temperatures on a schedule of once every 15 or 30 minutes. More details on the PERT DAS measurements and data analysis may be found in a previous publication [8] . For this analysis, the PERT DAS and sensors were used to obtain all module measurements including POA irradiance and wind speed (exceptions noted on the following paragraph) since these are located directly above or behind the modules and Additional meteorological resource measurements were used to complement PERT data. These were taken from the RMlS station situated in the array field adjacent to the OTF and from the Solar Radiation Research Lab (SRRL) situated -90 m in elevation above and overlooking the OTF. Air temperatures used in this paper were measured with RMlS sensors in the array field, because PERT air temperatures tend to become elevated due to sensor location, module heating, and restricted airflow. Further data were obtained from SRRL instruments: effective sky and ground temperatures measured with pyrgeometers sensitive to long wavelength infrared (LWIR) between 3 and 50 microns, relative humidity (RH), and haze (H) = ratio of diffuse-to total global-horizontal solar irradiance.
EXPERIMENTAL

ANALYSIS AND RESULTS
After compiling module I-V record data in a spreadsheet, AOI were computed for each record using an established algorithm 191. One-minute average RMlS data were interwoven with each I-V record. Numerical analysis was subsequently carried out by se re atin the data into bins of irradiance and AOI (50 W/m and 4" wide, respectively), then computing averages of measured quantities, and performing linear regression against other measured parameters within each bin. More details on this type of analysis have been published elsewhere [8] . Between one and two years worth of data were analyzed for each module. Each module's accumulated data set consists of 7,000-1 1,000 records, occurring at all irradiance levels between 25 and 1250 W/m2. Because clouds and diffuse illumination exert a substantial impact on module thermal characteristics, the data were filtered into sets reflecting predominantly clear or cloudy sky illumination conditions. Briefly, this statistical filtering is carried out by requiring: linear dependence between module short-circuit current and irradiance, and between irradiance and the cosine of the AOI; large or small size of the haze and small variance in the direct component of the irradiance.
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Fig. 1 is a graph depicting the ratio of AT/lrr (at zero wind speed) along the abscissa, plotted against irradiance along the lower ordinate axis for predominantly clear-sky conditions. The data represent the constant (intercept) terms in the linear regression of AT/lrr versus wind speed, computed within AOI bins 4" wide for six representative modules. The upper ordinate axis represents the average A01 within each bin. Salient features of the data in Fig. 1 include the trend to constant values-specific to each module, ranging 27"-40"C per kW/m2 irradiance-of the intercepts of AT/lrr toward high irradiance (2500 W/m2); and the gradual diminishing of these intercept terms toward low irradiance, eventually exhibiting negative values. Negative average values of AT/lrr were observed for all modules at low irradiance or high AOl-implying that the modules were cooler than the ambient air. The solid line shown in Fig. I is the quantity one minus the reflectance (l-R) calculated for the front-surface of a glass plate (refractive index 1.5) inclined at the same POA tilt as the modules, as a function of AOI, assuming that all of the irradiance is in the direct beam, composed of equal amounts of s-and p-polarization components of light. The similarities between AT/lrr (clear-sky) and I-R versus AOI in this figure are obvious-the differences consist largely of vertical scale and offset. Eq. 2 can accurately describe the behavior of ATllrr versus irradiance and AOI, for clearsky conditions, via the I-R term appearing in the bracket. The negative offset exhibited may be quantified by the radiant thermal loss to the sky. The data in Fig. 1 suggest that if a sufficiently accurate estimate for the radiant heat loss to the sky were made, the conductive and convective thermal transfer terms, represented by the coefficients C1 and CZ, respectively, in the denominator of Eq. 2 can be solved for in closed form. Toward this goal, sky temperatures (Ts) were derived from the Stefan-Boltzmann equation using downwelling LWlR pyrgeometer measurements. For predominantly clear-sky conditions, a first-order approximation for TM may be obtained by using the average AT/lrr measured at high irradiance. For each module above 500 W/m2 irradiance, AT/lrr tends to a constant value that equals the product of the apparent average ATllrr (denoted by the top bar) times the average absorptivity (approximated as one minus the sum of the average reflectance and efficiency). Eq. 3 summarizes an adequate phenomenological estimate for TM that may be substituted into the radiant thermal loss term on the right-hand side of Eq. 2. The quantities with bars on top, on the right-hand side of Eq. 3, represent average quantities summed over high irradiance. The Irr term is the actual POA irradiance, TA the air temperature, and the reflectance R(AOI,H) is calculated as a function of AOI and haze (H). Rsp(A0l) is the direct beam reflectance at AOI, averaged over s-and p-polarization components, and is a function of the refractive index of the top-cover material [IO] . Eq. 3 reproduces the clear-sky behavior of AT/lrr against irradiance depicted in Fig. 1 , except for the negative offset. For hazy-sky conditions, Eq. 3 may still be used to estimate TM by setting H-I. However, in the numerical analysis that follows and was used to derive the coefficients C1 and CP. in Eq. 2., the actual average TM data calculated within each interval were used instead.
Fitting experimental data to Eq. 2 can be problematic due to the non-linear dependence upon VS in the denominator coupled with the fact that the numerator crosses zero value in going from positive to negative modulus (so that fitting the reciprocal of AT/lrr is not viable). However, if the magnitudes of the coefficients, CI and CP, are such that for low wind speeds, the denominator can be factored as C~*(l+h) (h=v~*C&i), and h<< 1, the denominator may be expanded as a Taylor series in powers of h. Retaining only the linear term, an approximation for Eq. 2 is arrived at which is used to estimate values of C1 and CP (which could be improved upon subsequently by iteration). The coefficients Ct and C2 were determined piecewise within each AOI or irradiance interval, by substitution into the numerator in Eq. 2 of corresponding computed average efficiency, Ts, TA and Tu; and calculated values for reflectance vs. AOI using established formula [IO] , weighted by a factor of 1-haze, plus the reflectance at 45" weighted by the haze factor (see lower half of Eq. 3). These terms are combined into the term F in Eq. 4. The first and second terms in the Taylor expansion are associated with the coefficients a0 and a1 obtained by linear regression-indicated by Eq. 4.
The coefficients CI and Cp derived using the formulation as per Eq. 4 are plotted in Figs. 3 and 4 , respectively, against POA irradiance, for six representative modules. The data used to derive these coefficients were filtered to reflect predominantly clear-sky conditions. Figs. 3 and 4 show that above -250 W/m2 irradiance, the values of the C1 and CZ coefficients, respectively, exhibit slight relative dispersion against irradiance for any given module, whereas below that intensity the scattering is larger. This demarcation level in illumination corresponds to -75" AOI.
Analysis shows that this comes about from a substantial increase in the statistically determined error in the determination of the linear regression coefficients a. and ai, due to larger variance at low (high) irradiance (AOI) values. However, since the actual coefficients are not expected to alter substantially with illumination, it is argued that single values for C1 and Cz should be taken as the average over the irradiance regime above 250 W/m2. bins, using the approximation of Eq. 4, plotted against average irradiance in each bin, for six representative modules under predominantly clear-sky conditions.
With this assumption and using the size of the statistical error to define the low intensity cut-off (-250W/m2), the averages of these coefficients are calculated and listed in Table 2 , grouped by module type. Table 2 shows the C1 coefficients range: -23 W/m2-"C for the stainless-steel-toTefzel cover a-Si module; -20 W/mz-"C for c-Si; and 17-18 W/mz-"C for all of the glass-to-glass laminates. For the glass-to-glass modules without frames, the CZ coefficients have similar values, -1.6 W-s/m3-"C. For glass-to-glass laminates (CIS) with frames and c-Si, the values of CP are somewhat larger, -2 W-s/m3-"C. The largest CZ coefficient is shown by the a-Si on stainless-steel module -3 W-s/m3-"C. Also listed in column six of Table 2 , are the average apparent ratios ATllrr evaluated at zero wind speed for each module type, determined for irradiance above 500 W/mz. The apparent average quantities include the effects of reflectance and efficiency previously discussed. The sizes of the standard variance in the coefficients (0) are tabulated in third and fifth columns.
When the analysis is carried out by filtering the data to include primarily cloudy or hazy illumination conditions, the thermal characteristics in the low-irradiance regime appear quite different. Fig. 5 shows the ratio of AT/lrr evaluated at 'zero wind speed along the abscissa, plotted against irradiance along the ordinate axis for data that reflects predominantly cloudy-or hazy-sky conditions. The data in This contrast in behavior may be ascribed primarily to the difference in the conditions affecting the reflectance. For cloudy or hazy conditions, the illumination comes from a wide region of the sky instead of from a collimated source, and the reflectance is not only reduced but also behaves as a slightly varying function of irradiance more typical of reflection at some average constant AOI like 45". This is significantly smaller than the large AOI and reflectance occurring for low irradiance under clear-sky conditions. Note that in the regime where the two data sets-clear or hazy/cloudy-overlap between 600 and 700 W/mz, ATllrr values from either set are indistinguishable. For irradiances at or above 250 W/mz, the relative differences between radiant thermal emission terms under clear and cloudy conditions-computed using the actual average module and sky temperatures within each interval-are 4% to 20% lower for cloudy conditions. Employing the analysis previously used for clear-sky conditions, the coefficients C1 and CZ were determined for predominantly hazy/cloudy sky conditions via Eq. 4 by substituting for terms in the numerator; using a constant value for the reflectance (-0.05) typical for an AOI of 45" (H=I in lower Eq. 3). These results are listed in Table 3 Values for the radiant thermal emission calculated from actual data for six modules under clear-sky conditions are shown in Fig. 6 plotted against irradiance. Although these values were obtained using averages of PERT TM data and SRRL TS data calculated within each interval, almost equally good estimates may be obtained by using Eq. 3 for Tu; and using the reference [I11 for obtaining Ts from ground air temperature and RH measurements. 
DISCUSSION AND CONCLUSIONS
A set of closed-form of equations (Eqs. 2 and 3) and coefficients were presented that accurately simulate module thermal characteristics, distinguished by clear or hazy conditions. At lower ($200 W/m2) irradiance, the statistical filters are less able to differentiate between between hazy-and clear-sky conditions than at higher irradiance (2200 W/m2), contributing to the larger scatter in the data at low irradiance. Additionally, the numerator term in Eqs. 2 and 4 used to derive the coefficients goes through zero and changes sign at low irradiance, thereby contributing to the dispersion in the derivation of the coefficients. Although the coefficients tabulated were derived from data above 250 and 100 W h 2 , respectively, for clear and hazy illumination conditions, they reproduce the average AT (product of irradiance times the modeled AT/lrr), respectively, with a root-mean-square error of 1.8"-4"C and 1.6"-3"C throughout all irradiance levels. Using the present model and data presented in Fig. 6 , it is feasible to calculate the temperature rise in modules held at open-circuit versus peak-power conditions, by setting the efficiency term in Eq. 2 to zero. To first order, at open circuit and above 500W/m2 irradiance, the ATllrr are relatively larger by a factor of -q(l -R)I[I-R-O(E(TM~-T~~))], or equivalently 8%-15% larger, using typical values for the radiant thermal term plotted in Fig. 6 . Using average AT/lrr values from Table 2 , this translates to 2"-6"C at l-sun, depending on the module type and efficiency, and is proportional to the irradiance.
